Malic dehydrogenase, discovered independently by Batelli & Stem (1910) and Thunberg (1911) , has been purified by Straub (1942) and recently has been isolated as a pure enzyme from acetone-dried powder of whole pig heart by Wolfe & Neilands (1956) .
The oxidation of meso-and D(-)-tartrate by mitochondria of animal tissues has been reported (Kun & Hernandez, 1956; Kun, 1956) . However, these studies did not solve the problem of the dehydrogenases involved in tartrate oxidation. Kun & Hernandez (1956) reported that various preparations of malic dehydrogenase oxidize me8o-and D(-)-tartrate 'to a small and varying degree'.
Upon re-investigation, we have found that all preparations of malic dehydrogenase consistently demonstrate activity toward these two isomers of tartaric acid and that the relative activities remain constant. These observations have led us to investigate the specificity of malic dehydrogenase.
The specificity of malic dehydrogenase has not previously been studied in detail, though Green (1936) reported that the enzyme did not oxidize D-malate or dihydroxyfumarate. Evidence will be presented for the view that malic dehydrogenase is an oc-hydroxydicarboxylic acid dehydrogenase, catalysing the following reactions between substrate and diphosphopyridine nucleotide (DPN) . (1) 
EXPERIMENTAL Materrial8
The following substances were commercial preparations: diphosphopyridine nucleotide (DPN) 90% pure, reduced diphosphopyridine nucleotide (DPNH) 80% pure, aminotrishydroxymethylmethane (tris) and disodium ethylenediaminetetra-acetic acid (EDTA) from the Sigma Chemical Co., dihydroxyfumaric acid, dihydroxytartaric acid (the hydrate of dioxosuccinic acid), sodium mesoxalate (sodium oxomalonate) and sodium tartronate from the Aldrich Chemical Co., oa-oxoglutaric acid, D( -)-and meso-tartaric acids from the California Foundation for Biochemical Research, and L-malic acid from Eastman Kodak Co. Oxaloacetic acid was prepared according to Heidelberger (1953) .
Analytical method8
Spectrophotometric measurements were made with a Beckman model DU spectrophotometer equipped with a photomultiplier attachment, and with the Cary recording spectrophotometer. Silica cells of 1 cm. light path and 1 ml. capacity were used for routine assay of enzyme activity, and cells of 10 and 5 cm. light path were used to obtain more accurate kinetic data. DPNH was determined by measurement oflight absorption at 340 m,u, the extinction coefficient 6-22 x 106 cm.2 mole-1 being used (Horecker & Kornberg, 1948 (Table 6) , it was added to prevent spontaneous decarboxylation of the keto acids. The reaction was started by the addition of 0 05 ml. of enzyme, diluted to give an optical density change of not more than 0-07/min. Assay with oxaloacetate. Oxaloacetic acid (0.8 mg.), DPNH (0.1 mg.), EDTA (0-8 mg.) and potassium phosphate buffer (01M), pH 7.4, in a final volume of 1 ml.
Assay with dioxosuccinate. Dihydroxytartaric acid (1-33 mg.), DPNH (0-08 mg.), EDTA (0-8 mg.) and phosphate buffer (0-5M), pH 6*7, in a final volume of 1 ml.
Assay with oxaloglycollate. Dihydroxyfumaric acid (0-8 mg.), DPNH (0.1 mg.), EDTA (0-8 mg.) and phosphate buffer (0.5M), pH 6-7, in a volume of 0-9 ml. Magnesium sulphate (0-1 M; 0 05 ml.) was added 3 min. before the enzyme.
Assay with mesoxalate. Sodium mesoxalate (2 mg.), DPNH (0.1 mg.), EDTA (0.8 mg.) and phosphate buffer (0-5M), pH 6-7, in a final volume of 1 ml.
Assay with oc-oxoglutarate. Sodium o-oxoglutarate (3 mg.), DPNH (01 mg.) and phosphate buffer (0-1M), pH 6-7, in a final volume of 1 ml.
Under these conditions 1 unit of activity is defined as the amount of enzyme producing an optical density change of 10/min., and specific activity is defined as the number of units/mg. of protein.
Purification of mrzlic dehydrogenase
The method of purification is based upon that of Straub (1942) . Unless otherwise stated, centrifuging was performed at 20 OOOg in the high-speed head of the International Refrigerated Centrifuge.
Extraction. Acetone-dried powder of ox-heart mitochondria (10 g.), prepared according to Drysdale & Lardy (1953) , was extracted with 50 ml. of water, the pH adjusted to 8-0 with NaOH (0-1M) and the slurry mechanically stirred for 30 min. The precipitate was removed by centrifuging for 10 min., then re-extracted and centrifuged as described above. The supernatants were combined to give 86 ml. of a faintly turbid red solution (fraction 1).
Charcoal treatment. Norit A charcoal (200 mg. suspended in 8 ml. of water) was added to the extract and stirred for 10 min. The charcoal was removed by centrifuging for 5 min., leaving a clear supernatant (fraction 2).
First ammonium sulphate fractionation. Powdered (NH4)2SO4 (0 3 g./ml.) was added with stirring, and after 45 min. the heavy precipitate was removed by centrifuging for 10 min. Further (NH4)2SO4 (0.28 g./ml.) was added and after 30 min. the precipitate was collected by centrifuging for 15 min.; it was dissolved in cold water and the solution was dialysed for 2 hr. against 20% (w/v) (NH4)2SO4 (fraction 3).
Ethanol fractionation. An equal volume of absolute ethanol chilled to -150 was slowly added to the dialysed solution, which was vigorously stirred while its temperature was gradually lowered to -150. The heavy precipitate which formed was allowed to settle overnight at 0°and then removed by centrifuging at 10 OOOg for 15 min. Ethanol (0 5 vol.) chilled to -15°was slowly added to the supernatant and the temperature lowered to -150. When the addition of ethanol had been completed, the suspension was stored in ice for 30 min. before collecting the precipitate by centrifuging (15 000g for 20 min.). The precipitate was dissolved in 0 02M-phosphate buffer, pH 7-4, and dialysed against the same buffer for 3 hr. (fraction 4).
Second ammonium sulphate fractionation. Powdered (NH4)2SO4 (0*3 g./ml.) was slowly added, and after 30 min. the small precipitate was removed by centrifuging for 10 min. Further (NH4)2SO4 (0.1 g./ml.) was added and after 15 min. the precipitate was collected by centrifuging for 15 min. and dissolved in 5 ml. of 0 02M-phosphate buffer, pH 7-0 (fraction 5). Powdered (NH4)2SO4 (0-5 g./ml.) was added, and after 30 min. the precipitate was centrifuged down for 20 min. and dissolved in 4 ml. of 0-02M-phosphate buffer, pH 7-0 (fraction 6).
Fractions 5 and 6 were dialysed for 4 hr. against 0-05M-phosphate buffer, pH 7-0, containing 10 mg. of cysteine/l.
The results of a typical experiment are shown in Table 1 . Subsequently, it was found that a better yield, of the same specific activity as fraction 6, was obtained by replacing the second ammonium sulphate fractionation by electrophoresis on starch, a procedure similar to that described by Rotman & Spiegelman (1954) . In addition, some batches of acetonedried powder gave a fraction 4 which was light brown in colour and had a lower specific activity than that given in Table 1 The method of detecting the position of the enzyme in the starch block was based on the fact that DPNH fluoresces in ultraviolet light, whereas DPN quenches the fluorescence of filter paper. Thus if DPN is formed from DPNH on the paper, examination under ultraviolet light will show a dark area against a fluorescing background.
After removal ofthe upper glass plate, a filter strip soaked in a solution containing oxaloacetate (5 x 10-4m), DPNH (0.1 mg./ml.), phosphate buffer (0-5M), pH 6-7, and EDTA (0-8 mg./ml.) was placed on the starch block and pressed against the starch with a glass roller. The filter strip was removed, dried at room temperature and examined under ultraviolet light. The position of malic dehydrogenase, located on the paper as a dark band against a fluorescing background, showed that the enzyme had moved about 8 cm. towards the negative pole. The part of the starch block containing the enzyme was removed with a spatula and eluted by washing four times with 005m-phosphate buffer, pH 7 0. The eluate was brought to 80% saturation with (NH4)2S04 and after 30 min. the precipitate was centrifuged down for 20 min., dissolved in 0-05M-phosphate buffer, pH 7 0, and dialysed for 4 hr. against the same buffer containing cysteine (10 mg./l.). When stored in stoppered tubes at 00 the enzyme lost 15-20 % of its activity in 3 months.
Unless otherwise stated, the temperature was maintained at 00 throughout the purification.
RESULTS

Molecular properties of malic dehydrogenase
The diffusion coefficient (D) was determined at 2°in the Spinco electrophoresis-diffusion apparatus, model H. The Rayleigh interference patterns, analysed by the method of Longsworth (1950) , indicated that a faster-moving impurity was present, but the patterns were not of sufficiently good quality to permit an estimate of the diffusion coefficient of the impurity. The diffusion coefficient at 2°was found to be 13-5 x 10-7 cm.2 sec.-'. The diffusion coefficient of pure malic dehydrogenase is probably somewhat lower than this value.
The sedimentation coefficient (S) was determined in the Spinco ultracentrifuge model E at 12.90. The The isoelectric point was not determined, but in phosphate buffer (0-05m) at pH 6-9 the protein moved to the negative pole as a single component in the Spinco electrophoresis-diffusion apparatus, model E (Fig. 2) . Thus the isoelectric point is higher than 6-9. Table 2 gives a comparison of some of the properties of purified malic dehydrogenase from oxheart mitochondria and from pig heart.
Specificity of mralic dehydrogenase
Evidence that a single protein catalyses the reduction of five a-oxodicarboxylic acids was obtained by comparing the activities throughout the purification and by a kinetic study of the interaction of the substrates with the enzyme.
Activity ratios. The results collected in Table 3 show that the activity ratios with different substrates were, within the limits ofexperimental error, constant throughout a 48-fold purification and were also constant in the discarded fractions. The activity with oc-oxoglutarate was very low, but the possibility that traces of glutamic dehydrogenase were responsible for the observed activity was eliminated by the following evidence. Addition of (NH4)2SO4 did not increase the rate of oc-oxoglutarate reduction and the preparation did not oxidize glutamate. The additional fact that x-oxoglutarate inhibits mesoxalate reduction (Table 5) supports the view that malic dehydrogenase catalyses a slow reduction of a-oxoglutarate.
Attempts to separate the activities by gradient elution of (NH4)2S04 precipitates and by gradient elution from alumina Cy and calcium phosphate gel were unsuccessful. Single peaks without any change in activity ratios were always obtained. Attempts to remove activity towards one substrate were also unLsuccessful and protection of the enzyme by one substrate preserved activity towards other substrates (Table 4) . After treatment., the enzyme (specific activity 900) was diluted 1 in 10 and its activity determined in 1 ml. cells as in Table 1 . Abbreviations are the same as those in Table 3 . Table 5 show that vt is always less than vl, and that vt calculated for a single enzyme is in moderately good agreement with the observed velocity.
Turnover numbers. Assuming a molecular weight of 15000, the turnover numbers with various substrates under different experimental conditions have been determined. The results are presented in Table 6 . 
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Phosphate buffer 0-5M; EDTA 0-8 mg./ml.; DPNH 041 mg./ml. (Burton & Wilson, 1953) . Consequently a highly sensitive method of measuring initial rates was required to study the kinetics of malate oxidation. This was achieved by using silica cells of light path 10 cm. in a Cary recording spectrophotometer. This method gives high sensitivity, without any increase in the noise level associated with the more usual method of using cells of 1 cm. light path in a spectrophotometer equipped with an electronic amplifier (Bock & Alberty, 1953; Wolfe & Neilands, 1956) . It was thus possible to study the oxidation of L-malate at pH 8'4 without the use of cyanide to trap oxaloacetate. The kinetic data do not give a single straight line in the double-reciprocal plot 1/v against 1/S (Lineweaver & Burk, 1934) , but rather show two slopes, from which two Km values can be determined (Fig. 3A) . The two Km values for malate at pH 8*4 were: 9 x 10-Im for the concentration range 5x 10-4to 10-2M; 1.1 x 10-4mforthe concentration range 2x 10-5 to 2x 10-4M.
The reduction of oxaloacetate was measured in the Cary recording spectrophotometer with cells of 5 cm. light path. The rate of oxaloacetate reduction was found to have an optimum at an oxaloacetate concentration of about 10-4M (Fig. 3B) . The Km value determined by extrapolation was 1X8 x 10-5M at pH 6*7 and by substituting in the rate-law equation for a bimolecular enzyme reaction (Alberty, 1956) 
MALIC DEHYDROGENASE
The kinetics of oxaloglycollate reduction were not studied, because the keto-enol equilibrium is unknown, though the dry acid is mainly dihydroxyfumaric acid (Hartree, 1954) . However, it was established that Mg2+ ions did not affect the initial reaction rate when added simultaneously with the enzyme, but did increase the rate when added before the enzyme. Storing the dihydroxyfumarate solution for 1 hr. at 00 increased the initial rate and reduced the activating effect of prior addition of Mg2+ ions. These results suggest that Mg2+ ions catalyse the keto-enol equilibrium, which is slowly attained in the absence of the ions.
Dioxo8uecinate and mne8oxalate. The kinetic results for these two substrates do not show deviations from linearity in the double-reciprocal plot (Fig. 5) . The Km for dioxosuccinate was 2 x 10-3M and for mesoxalate 6-6 x 10-3M, both measured at pH 6-7. Tartronate oxidation was too slow to permit accurate rate measurements at low concentrations.
The kinetic constants obtained are collected in Table 7 .
DISCUSSION
Although it is difficult completely to eliminate the possibility that separate proteins with similar physicochemical properties catalyse the reactions with different substrates, the results strongly suggest that a single enzyme is involved. Scholefield (1955) has reported the oxidation of L-malate and me8otartrate by extracts of pigeon liver. The enzyme oxidizing malate seems to differ from other known malic dehydrogenases by reacting with ferricyanide in the absence of DPN, and by not showing product inhibition. According to this author, the enzyme oxidizing me8otartrate differs from malic dehydrogenase by reacting almost equally well with DPN and TPN, by not being inhibited by tartronate and by not showing product inhibition. It is thus possible that separate enzymes oxidizing malate and me8otartrate are present in pigeon liver, though further characterization of these enzymes would be desirable. Stafford, Magaldi & Vennesland (1954) D. D. DAVIES the reduction of dioxosuccinate by DPNH, but under anaerobic conditions does not catalyse the reduction of oxaloglycollate. However, in unpublished experiments by the authors of this paper it has been found that extracts of pea-seedling mitochrondria, prepared according to Davies (1954) , catalyse the reverse reaction: that is, the oxidation of mesotartrate by DPN. More recently Stafford (1956) Fig. 3B . B. Relationship between initial velocity of dioxosuccinate reduction and concentration of dioxosuccinate. Velocities were measured as in Fig. 3B . Wolfe & Neilands (1956) have purified malic dehydrogenase from pig heart, but did not study its specificity. However, commercially available malic dehydrogenase (Sigma Chemical Co.) is prepared from pig heart and shows the same specificity as the enzyme from ox heart ( Table 3 ). The physical constants of malic dehydrogenase from ox-heart mitochondria and from pig heart show marked differences (Table 2) , which may represent species differences. However, the possibility that there are different molecular species of malic dehydrogenase, such as reported by Neilands (1952) for crystalline lactic dehydrogenase and by Krebs (1953) for yeast triose phosphate dehydrogenase, must be considered. In support of this view is the finding of Wolfe (1955) that elution of malic dehydrogenase from a cation-exchange column of carboxymethylcellulose produced two distinct peaks with malic dehydrogenase activity.
The simplest explanation of the anomalies found in the Lineweaver-Burk plots is that the enzyme has two sites for the substrate, one of which is catalytically active, the other forming an enzyme-substrate complex which may inhibit or activate the enzyme depending on the substrate (Alberty, 1956 Following the convention of Alberty (1956) , SE represents a substrate-enzyme complex which does not break down to yield products. If k8 is less than k3 inhibition will occur at high substrate concentration (as found for oxaloacetate); if k8 is greater than k3 activation will occur (as with malate). The fact that tartrate oxidation appears to be independent of substrate concentration at high substrate levels may also be interpreted as inhibition, with k8 less than k3 the ratio k8/k8 determing the slope at high substrate concentrations in the Lineweaver-Burk plot.
Within the concentration range tested, there was no evidence that dioxosuccinate or mesoxalate formed complexes with the enzyme which were not catalytically active. Alternatively, if such a complex is formed, then k8 equals k3.
Whether or not the broad specificity of malic dehydrogenase has any biological significance cannot be decided at the present time. However, it is known that mesoxalate can replace oxaloacetic acid in the purified glutamate-aspartate system from pig heart (Green, Leloir & Nocito, 1945) , and recently a transamination between oxaloglycollate and glutamate to yield hydroxyaspartate was found in our laboratory and was reported independentlyby Sallach(1956) . Preliminaryworkoftheauthorshas indicated that oxaloglycollate may be formed from glyoxalate in the presence of rat-liver mitochondria.
Finally, it may be noted that the inhibiting effect of oxaloacetate on its own reduction occurs at about 10-4M and the activating effect of malate on its own oxidation at about 2 5 x 10-4M. Since these concentrations of malate and oxaloacetate are within the concentration range found in animal tissues (Frohman, Orten & Smith, 1951) it is interesting to speculate concerning a possible regulatory mechanism at the enzyme--substrate level. SUMMARY 1. A method of purifying malic dehydrogenase from an acetone-dried powder of ox-heart mitochondria is described. A 50-fold purification was achieved by charcoal treatment of an aqueous extract of acetone-dried powder, followed by ammonium sulphate fractionation, ethanol fractionation and electrophoresis in starch.
2. The purified enzyme was electrophoretically homogeneous but diffusion analysis and centrifuging showed the presence of an impurity, in an amount probably less than 10%. The molecular weight was estimated to be 15000-20 000. Thus malic dehydrogenase is the smallest pyridine nucleotide dehydrogenase known.
3 In an earlier paper (Winteringham, Harrison & Bridges, 1955 ) the absorption and metabolism of 14C-labelled pyrethroids were studied. It was shown that in 24 hr. topically applied pyrethrins or allethrin (the synthetic allyl analogue of the natural insecticide cinerin I) was almost completely absorbed by the adult housefly, Mu8ca domestica L., and that significant fractions of the absorbed insecticide were detoxified enzymically. The detoxication was inhibited when the synergist 'piperonyl cyclonene' was applied simultaneously with the insecticide, but less effectively when allethrin was applied. This suggested that the synergistic mechanism involved an interference with the natural detoxication process of the insect. These studies have now been extended so that the absorption and metabolism of allethrin by a normal laboratory strain of the adult housefly M. domestica L. could be compared with those of the natural pyrethrins and of DDT and its bromine analogue (Winteringham, Loveday & Harrison, 1951; Winteringham, 1952b ) under identical experimental conditions. An attempt has been made to demonstrate the metabolism of allethrin in insect homogenates.
MATERIALS AND METHODS The preparation of the [14C]allethrin used in the present work, together with the techniques for its application to insects, subsequent recovery and radioanalysis by paper chromatography have already been described (Winteringham, 1952a; Winteringham et al. 1955 ).
Metaboti8m of [14C]allethrin in vitro. An ether-extracted acetone-dried powder containing lipase was prepared from 3-to 4-day-old male adult houseffies as described by Chamberlain (1950) . Male housefly lipase powder (0.1 g. equivalent to approx. 33 male flies) was incubated in a vial with lOiOg. of [14C]allethrin in 1 ml. of phosphate buffer, pH 7-5 (84-1 ml. of M/15-Na2HPO4: 15-9 ml. of M/15-KH2PO4), with 50,ug. of Triton X-155 (supplied by Rohm and Haas Co., Philadelphia) at 370 under continuous agitationfor 5 and 24hr. periods. Controlvials,inwhich the lipase
